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Spectroscopic Characterization of Structural Isomers of Naphthalene: (E)- and
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Near-pure samples of (E)-phenylvinylacetylene ((E)-PVA) and (Z)-phenylvinylacetylene ((Z2)-PVA) were
synthesized, and their ultraviolet spectroscopy was studied under jet-cooled conditions. The fluorescence
excitation and UV—UYV holeburning (UVHB) spectra of both isomers were recorded. The Sy—S; origin of
(E)-PVA occurs at 33 578 cm™!, whereas that for (Z)-PVA occurs at 33 838 cm™!, 260 cm™! above that for
(E)-PVA. The present study focuses primary attention on the vibronic spectroscopy of (E)-PVA. Single vibronic
level fluorescence spectra of many prominent bands in the first 1200 cm™! of the Sy—S; excitation spectrum
of (E)-PVA were recorded, including several hot bands involving low-frequency out-of-plane vibrations. Much
of the ground-state vibronic structure observed in these spectra was assigned by comparison with styrene and
trans-f-methylstyrene, assisted by calculations at the DFT B3LYP/6-311++G(d,p) level of theory. Both S,
and S, states of (E)-PVA are shown to be planar, with intensity appearing only in even overtones of out-
of-plane vibrations. Due to its longer conjugated side chain compared with that of its parent styrene, (E)-
PV A supports extensive Duschinsky mixing among the four lowest-frequency out-of-plane modes (v4s—vas),
increasing the complexity of this mixing relative to that of styrene. Identification of the v = 0—3 levels of
V43, the lowest frequency torsion, provided a means of determining the 1D torsional potential for hindered
rotation about the Cy—C,iny bond. Vibronic transitions due to (Z)-PVA were first identified as small vibronic
bands that did not appear in the UVHB spectrum recorded with the hole-burn laser fixed on the So—S; origin

of (E)-PVA. The LIF and UVHB spectra of a synthesized sample of (Z2)-PVA confirmed this assignment.

I. Introduction

In circumstances ranging from combustion to planetary
atmospheres, the appearance of m/z = 128 products in mass
spectra are commonly attributed to naphthalene (C;oHg, M =128
g/mol).'* However, there are many stable CjoHg isomers whose
possible formation render the standard assumption of naphtha-
lene formation doubtful and in need of experimental verification.
As a result, the spectroscopic characterization of other C;oHs
structural isomers, such as the ethynylstyrenes (o-, m-, and
p-ES), and phenylvinylacetylene (PVA, 1-phenyl-1-buten-3-
yne), is important to an understanding of the photochemical or
combustion pathways leading to the formation of polyaromatic
hydrocarbons (PAHs). Previous photochemical investigations
in our group identified two CioHg products, m-ES and PVA,
resulting from the reaction of UV-excited diacetylene with
ground state (X'A") styrene.> We have recently studied the
conformation-specific spectroscopy of o-, m-, and p-ES and
determined the cis—trans energy differences and barriers to
conformational isomerization of m-ES in its Sy state.®” PVA,
however, was not characterized spectroscopically in any further
detail beyond its mere identification as one of the photoproducts
of C4Hy* + styrene.

In this work, we undertake a more complete characterization
of the ultraviolet spectroscopy of PVA to determine the
spectroscopic signatures of its E- and Z-isomers. This is a
necessary first step in their identification as intermediates leading
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to naphthalene and higher-order PAHs in Titan’s atmosphere,
sooting flames, discharges, and interstellar media. The present
study also served to identify PVA as one of the previously
unassigned products with m/z =128 (CjoHg) formed in the
benzene discharge studied by Giithe et al.3? (see Figure 4b of
ref 8).

PVA is a close structural analog of styrene, extending its
conjugated vinyl substituent with an ethynyl group. By virtue
of its prototypical character as a phenyl derivative with a
conjugated substituent, styrene has been the subject of numerous
experimental and theoretical studies.!%-16

/
O/\ O/\// ~
styrene E-phenylvinylacetylene

(E-PVA)

Z-phenylvinylacetylene
(Z-PVA)

The S—S; transition in styrene is a w—s* transition that
changes the bond order in the phenyl ring, vinyl group, and the
connecting Cy—C(o) bond. The vibronic progressions ac-
companying this transition reflect the geometry changes induced
by electronic excitation and have been used to deduce the
magnitude and nature of these structural modifications.!”18

The phenyl—vinyl torsional progression is readily observed
in the single vibronic level fluorescence spectrum, serving as a
testing ground to assess whether a one-dimensional, symmetric
torsional potential will adequately describe it. Furthermore, the
form of the normal modes can also change from one electronic
state to another, an effect known as Duschinsky rotation or
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Duschinsky mixing.!® These effects have been studied in
extensive detail in styrene.!0-1215.16:20-23 In particular, Duschin-
sky mixing between the C(1)—C(a) torsional and out-of-plane
butterfly modes has received appreciable experimental and
theoretical attention in the past, rendering styrene as a prototypi-
cal example of Duschinsky mixing between two out-of-plane
vibrational coordinates.!!-!3-2124.25 In PVA, the longer conjugated
side chain can give rise to enhanced Duschinsky mixing between
several out-of-plane S; coordinates because of sizable bond order
changes that accompany electronic excitation.

Since ES and PVA share the same molecular formula as
naphthalene, either of these isomers could undergo unimolecular
isomerization to naphthalene; however, ring closure would seem
most likely in cis-0-ES and (Z)-PVA, in which the side chains
are in more favorable configurations. The ground-state pathway
from cis-o-ES to naphthalene has been explored theoretically
by Hopf and co-workers.?® Unfortunately, cis-0-ES was not
observed in a previous jet study, and therefore, the isomerization
has not been investigated experimentally.?” This paper concen-
trates on the spectroscopy of the E-isomer of PVA. However,
during the course of this study, we have discovered transitions
due to the Z-isomer as weak, unaccounted for transitions in the
spectrum of (E)-PVA. The LIF excitation spectrum of a
synthesized sample of (Z)-PVA proves it as the source of this
spectrum, providing an important first step toward its more
complete spectroscopic characterization and serving as a foun-
dation for future studies of the photoisomerization of these C;oHs
isomers between one another and to naphthalene.

II. Methods

A. Experimental Details. The experimental setup is similar
to that described previously.®3° Briefly, the sample was seeded
into helium at room temperature before expansion through a
pulsed nozzle (General valve series 9, orifice diameter 0.8 mm).
The stagnation pressure was typically 3.6 bar helium, and the
flow rates were ~0.67 bar cm? sec™!, which led to a background
pressure of ~2 x 1073 mbar inside the vacuum chamber.

The fluorescence excitation spectrum and single vibronic level
fluorescence (SVLF) spectra were acquired using a new chamber
equipped with two 4-in. spherical mirrors designed to increase
the efficiency of fluorescence collection.®* In the fluorescence
experiments, the S; <— Sy transitions were excited with the output
of a frequency-doubled dye laser (Radiant Dyes NarrowScan)
pumped by a Nd:YAG laser (InnoLas Spitlight 600) operating
at 20 Hz. Rhodamine 6G, 610, and their mixture were used to
probe the spectral region between 282 and 298 nm. Typically,
<0.1 mJ/pulse of UV laser energy was used to minimize
saturation effects in the excitation spectrum.

Fluorescence excitation spectra were recorded by collecting
the total fluorescence through a WG 305 cutoff filter and
detecting it by a UV-sensitive photomultiplier tube. The
fluorescence intensity was normalized for the variation of laser
power with respect to wavelength. Signals were averaged by a
fast digital oscilloscope (Tektronix model 3025B) and then
processed and recorded on a personal computer. For the SVLF
experiments, the fluorescence was collected and focused by a
plano-convex lens onto the entrance slit (50 um) of a 0.75 m
monochromator (JY750i, 2400 grooves/mm). The monochro-
mator was equipped with a CCD camera (Andor series
DU440BT) at the exit port. The relative timing between the
pulsed valve, the laser system, and the data acquisition system
was controlled with a digital delay generator (Berkeley Nucle-
onic model, BNC 555).
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For the R2PI experiments, the S; < Sy transitions were
excited with the frequency-doubled radiation of a commercial
dye laser (Lambda Physik, Scanmate 2E) pumped by a Nd:
YAG laser (Continuum, LU661) operating at 20 Hz. Ions
produced by the two-photon absorption were accelerated into a
time-of-flight mass spectrometer and detected by a microchannel
plate ion detector. The ion signal was amplified 25 times
(Stanford Research System model SR445) and averaged by a
fast oscilloscope.

The excitation spectra possess transitions due to all confor-
mational and structural isomers present in the expansion-cooled
mixture. UV—UV hole-burning spectroscopy (UVHB) was,
therefore, used to determine the number of isomers and obtain
their individual UV spectral signatures. For the UVHB experi-
ments, a tunable dye laser operating at 10 Hz was fixed on a
particular S; < Sy vibronic transition in the excitation spectrum.
The power of this hole-burning laser (0.5 mlJ/pulse) was
sufficient to partially saturate the transition. A probe laser was
spatially overlapped with the holeburn laser and delayed from
it by ~100 ns. The probe laser (20 Hz) was tuned across the S;
— Sy vibronic transitions of interest. When the probe laser was
resonant with a transition that shared the same ground-state level
as the transition on which the holeburn laser was set, depletion
of the ground-state population was detected by the probe laser.
The difference between the signal with and without the hole-
burn laser present was monitored via active baseline subtraction
with a Boxcar gated integrator.

Phenylvinylacetylene was synthesized at Purdue University
according to a published procedure.’! Helium (99.995%) was
used as a buffer gas.

B. Computational Details. Assignment of the spectra was
assisted by calculations using the Gaussian 03 suite of pro-
grams.?? Density functional theory (DFT) calculations using the
Becke3LYP functional®3* and the 6-311+4-+G(d,p)*>>7 basis
set were used to determine optimized geometries, energies, and
harmonic frequencies. True conformational minima were veri-
fied by the lack of imaginary frequencies in the harmonic
frequency calculations. Configuration interaction single (CIS)
calculations®® with the 6-311++G(d,p) basis set were performed
to obtain the optimized excited-state geometries and excited-
state vibrational frequencies. The computational resources of
GridChem were employed due to the high computational cost
of CIS calculations.3*0

Potential energy curves along the torsional coordinate in the
So state as a function of the torsional dihedral angle ¢ = [J(2,
I, o, B) (for atom labeling scheme, see Figure 1) were
calculated. Relaxed potential energy scans, which represent the
adiabatic rotation of the phenyl and vinylacetylenic moieties
against each other, were carried out by increasing the torsional
angle ¢ by steps of 10° and optimizing all other internal
coordinates. For the potential energy scans, the Becke3LYP
functionals®-* with the 6-3114-+G(d,p) basis set were used.

IT1. Results and Spectroscopic Assignments

According to the DFT calculations, (E)-PVA is planar in the
ground electronic state. As a result, its 48 normal modes
factorize into 33 in-plane modes with a" symmetry (v;—v33) and
15 out-of-plane modes with a" symmetry (v34—v4g). According
to the electric dipole selection rules, all in-plane vibrational
fundamentals (a' modes) are allowed, whereas in the case of
the a"” modes, only overtones and combination bands with an
even number of quanta are predicted to possess nonvanishing
intensity.*' In what follows, the Mulliken numbering*? scheme
will be used to label the observed bands; however, when
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Figure 1. The S, < Sy fluorescence excitation spectrum of (E)-PVA

recorded under jet-cooled conditions. The structure and C;—C(a)
torsional motion of (E)-PVA are also illustrated.

vibrational modes bear strong resemblances to those in benzene
or monosubstituted benzenes, the Wilson scheme* will be
included in parentheses. Table 1 gives the calculated and
experimental vibrational frequencies of both electronic states
and approximate descriptions of the motional character of the
normal modes in the S state.

As will be shown in more detail in a forthcoming publica-
tion,* significant mixing of the out-of-plane S; normal coor-
dinates with respect to their Sy counterparts occurs in (E)-PVA.
Due to this mixing of vibrational coordinates, there is no simple
one-to-one correspondence between the normal modes of the
So state and those of the S; state. Especially noteworthy is the
mixing among the four lowest out-of-plane normal modes s,
Vas, Va7, and v4g. The mixing of these modes will be shown
here from the spectra record, whereas a more in-depth analysis
of the mixing will be presented elsewhere because it is beyond
the scope of this investigation.

A. The Fluorescence Excitation Spectrum of PVA. Figure
1 shows the first 1500 cm™! of the S; — Sy fluorescence
excitation spectrum of the synthesized sample of (E)-PVA. The
electronic origin was observed at 33 578 cm™!, in agreement
with that obtained previously by Robinson et al.’ from their
R2PI spectrum. Table 2 lists the observed positions, relative
intensities, and assignments of the main transitions. These
assignments are based on an analysis of the SVLF spectra
described in Section B. Here, we provide a brief overview of
the assigned transitions to highlight the comparison with
styrene,!'~1*% frans-f-methylstyrene (1MS),**+7 and a series
of alkylbenzenes.*® The S; vibrational frequencies calculated
at the CIS level of theory did not reproduce experimentally
observed frequencies with an accuracy sufficient to reliably
guide the assignment procedure.

Generally, the Franck—Condon (FC) activity in (E)-PVA
agrees with what is expected for a conjugated, substituted
benzene; that is, most of the FC activity lies in ring and
substituent-sensitive stretching and bending modes, including
prominent FC intensity in modes vi, v, V12, and vi3 (in the
Wilson numbering scheme).*> Accordingly, the most intense
vibronic band observed in the fluorescence excitation spectrum
of PVA, occurring at 931 cm™! above the origin, is assigned to
25§(129), a ring-deformation vibration. The corresponding
vibration occurs in styrene® and /MS* at 948 and 927 cm™!,

Liu et al.

TABLE 1: Experimental and Calculated Vibrational
Frequencies of Phenylvinylacetylene

So state S| state
mode? approximate description”  exptl® calcd? exptl® calcd®
Al
V1 =C—H stretch 3476 3607
vy (2) ring CH stretch 3192 3379
V3 ring CH stretch 3185 3355
V4 ring CH stretch 3176 3351
Vs ring CH stretch 3167 3342
Ve ring CH stretch 3160 3336
V7 vinyl CH asym stretch 3153 3329
Vg vinyl CH sym stretch 3142 3323
2 C=C stretch 2189 2153
V10 C=C stretch 1664 1771
vii (8a) ring C—C stretch 1638 1685
V12 (8b) ring C—C stretch 1612 1644
V13 (19a) ring C—C stretch 1521 1526 1588
V14 (19b) ring C—C stretch 1477 1479 1432 1550
115 (3) aryl f CH 1372 1364 1449
V16 (15) ring C—C stretch 1349 1350 1443
V17 p vinyl C—H 1315 1329 1422
Vig ring C—C stretch 1287 1294 1279 1326
19 (13)  C(1)—C(a) stretch 1218 1232 1214 1305
vy (9a) aryl f CH 1194 1205 1264
vy (15") aryl f CH 1183 963 1237
V2 (18b) aryl f CH + ring C—C stretch 1105 942 1175
V3 (18a) aryl f CH + ring C—C stretch 1048 1051 948 1112
Vo4 X sens (C—C stretch) 1031 1071
s (12)  ring deform 1011 1014 931 1051
v (1) X sens ring breath 851 858 815 879
Va7 f C=C—H 688 788
V28 (6b) X—sens (aC—C—C) 624 636 539 661
V9 (6b) aC—C—C 632 641
V30 X—sens (BC—C=C) 479 493 539
V31 X sens (aC—C—C) 373 378 334 401
V32 X—sens (3—CH=CH—-C=) 231 237 222 251
V33 X—sens (BC—CH=CH-) 105 106 104 117
A"

V34 (5)  vinyl + aryl yCH 997 1085
V3s vinyl + aryl yCH 985 1075
v36 (17a) aryl yCH 976 969
V37 vinyl + aryl yCH 927 928
V38 vinyl + aryl yCH 872 844
V39 (10a) aryl yCH 846 811
vy (11) aryl yCH 766 774
vy (4) aryl yCH 698 679
Vo )/CEC—H 629 650
V43 (16b) X-sens ring puckering 537 495
V44 (16a) X-sens ring deform 405 423 275 438
45 (16a) ring deform 398 406 201 403
Vi X-sens (y C—C=C) 238 248 127 230
Va7 C(1)—C(a) bend 88 90 67 118
Vag C(1)—C() torsion 43 52 348 56

@ Numbering according to Mulliken.*> The Wilson scheme® is
included in parentheses. ® o, in plane ring angle bend; f, in plane
bend; y, out of plane bend; X-sens, a vibration sensitive to the
substituent. Due to the excessive mixing and geometry changes
upon excitation, the description should be associated with only the
motional character of the normal coordinates in the Sy state, and not
with those in the S, state. ¢ Experimental frequency, measured from
the origin. ¢Ground state frequency calculated with B3LYP/
6-3114++G(d,p) without scaling. ¢ Excited state frequency calculated
with CIS /6-311++G(d,p) without scaling.

respectively. Other prominent features observed in the excitation
spectrum of (E)-PVA are the in-plane fundamentals 285(6b))
at 539 cm™!, 264(14) at 815 cm™!, 23)(18af) at 948 cm™!, and
194(13p) at 1214 cm™!. The band at 0§ + 948 cm™~! was assigned
to 23(1)(1861(1)) on the basis of the relative intensity of this band
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TABLE 2: Assignments of the LIF Excitation Spectrum of (E)-PVA¢

Av/em™! relative intensity assignment Av/em™! relative intensity assignment
—21b 47! 672 0.6 ?
0 100 09 679 1.2 320450465473
24b 47448Y 694 1.2 300328
84b 4645489 697 0.7 483
104 0.6 33} 710 0.6 ?
130 0.8 473 718 0.8 ?
158¢ 455489 724 0.8 300463
191 2.5 464478 727 2.5 45346}
222 11 328 738 1.0 300455475
2320 441489 740 0.7 ?
254 7.6 463 752 0.5 320453475
260 2.8 09-(2)-PVA 774 0.7 ?
266 3.4 45547} 788 4.0 Fermi resonance
326 15 455460, 324334 791 2.0 Fermi resonance
334 12 31 797 5.8 Fermi resonance
351 0.7 To*-(Z)-PVA 802 2.9 Fermi resonance
400 7.0 445460, 453 805 2.4 Fermi resonance
412 1.1 474480, 328464478 810 15 Fermi resonance
442 0.7 323 815 23 264
449 0.6 46347} 831 1.1 285460475
462 0.5 310473 854 43 ?
472 5.0 300, 444450, 46448% 865 1.6 28045546
478 0.8 320463 874 2.1 280314, 304453
480 0.8 2 882 3.1 2
493 0.6 2 886 23 314443
504 0.7 310453 917 3.0 260338
514 1.1 46 931 44 254
519 1.1 45546347} 943 5.0 224
539 3.0 28} 948 14 234, 265473
545 1.1 2 957 4.0 2
553 2.1 45548}, 443 963 5.0 214
555 1.2 319328 976 3.0 ?
569 0.8 ? 986 2.9 2
576 0.7 300338 1001 2.1 810 + 191
582 2.5 455463 1035 1.6 250334
585 0.7 455464474 1045 1.1 ?
591 0.7 45346447} 1064 1.6 255473
593 0.6 45346447} 1068 1.1 214338
602 0.7 300473 1083 1.0 ?
604 0.8 323453473 1102 14 ?
613 1.4 2 1106 25 ?
621 0.8 324453 1142 1.6 810 + 334
627 0.8 455463 1151 22 254324, 21346547}
647 0.9 ? 1214 45 194
653 1.8 453463 1279 3.5 185
658 14 334443 1294 14 ?
660 1.0 310455464 1432 0.9 ?
664 0.8 30046547} 1721 0.6 ?
668 0.9 284473, 313

 The intensity of each band is relative to the 0 band origin. » Hot bands are not observed in the LIF spectrum under normal jet conditions
and are thus excluded in the listing of intensities relative to the 0 band origin intensity.

with respect to the 124 band, which compares well with the
corresponding relative intensities in the excitation spectra of
1AMS* and styrene.”

The region in which the fundamental of the benzene-mode
vy is expected (740—840 cm™!) shows considerable congestion,
most likely due to the occurrence of extensive anharmonic
mixing between bright and dark states. The SVLF spectra
(Section B) lead to an unambiguous assignment of the 815 cm™!
transition to 264(19). This assignment implies a significant
spectral shift of mode v; to higher frequency when compared
to the observed frequencies of this mode in styrene (746 cm™!)
and BMS (795 cm™!). This increase in frequency can be
rationalized by the tendency of mode v, to change its motional
character due to a substantial mixing with other modes upon
an increase of the substituent chain length.!#8 The band at 0§
+ 1214 cm™! was assigned to 19(1)(13(1)), in good agreement with

the corresponding vibrations occurring in styrene and /ZMS at
1209 and 1210 cm™!, respectively. Other weak features in the
high-energy region of the fluorescence excitation spectrum
become more difficult to assign on account of sizable spectral
congestion, most likely due to Fermi resonances with other
fundamental and combination bands.

In the low-energy region of the excitation spectrum, the bands
at 03 + 104, 03 + 222, and 03 + 334 cm ™! are unambiguously
assigned to 33§, 324, and 31 on the basis of their corresponding
SVLF spectra (Section B).

Other transitions in the low-energy region of the excitation
spectrum are assigned to even overtones and combinations of
out-of-plane vibrational modes v44—vag. The assignment of these
transitions is complicated by extensive Duschinsky mixing
(Section IIT B.3 and B.4) and the fact that the fundamentals of
these out-of-plane vibrations are not allowed. In these cases,
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the identification and assignment of hot bands considerably
facilitates the assignment of both Sy and S; normal modes. The
important role of hot bands in the assignment process arises
because they carry direct information about frequency differ-
ences between fundamentals in the S state and the correspond-
ing or even different fundamentals in the S; state. In the case
of (E)-PVA, the assignment of a pair of transitions, consist-
ing of a “hot” and a “cold” transition, containing the funda-
mentals of v47 in both the Sy and S; states was pivotal to the
deduction of the harmonic frequencies of normal modes Va4,
Vas, Vae, Va7, and vag in both the ground and excited electronic
states.

To that end, we recorded a series of fluorescence excitation
spectra as a function of nozzle backing pressure to identify
transitions in the origin region assignable to hot bands (Figure
2). Stagnation pressures of 2.8 bar He yielded a minimum
number of bands; that is, the vibronically least congested
excitation spectrum (Figure 2b). The appearance of additional
bands at 03 + 16 and 03 + 39 cm™! when the stagnation pressure
was raised to 5.5 bar He (Figure 2c¢) indicated the formation of
PVA---He van der Waals complexes under those conditions.
On the other hand, stagnation pressures of less than 2.0 bar
were not sufficient to completely cool the Sy population to the
vibrationless ground state, leading to the appearance of hot bands
in the excitation spectrum at 0§ — 21, 0 + 24, 05 + 84, 03 +
158, and 08 + 232 cm™! (Figure 2a). Additionally, as a result
of these stagnation pressure studies, the bands at 08 4+ 104 and
05 + 130 cm™! were confirmed to be bare-molecule bands
originating in the vibrationless ground state.

B. Single Vibronic Level Fluorescence Spectra of (E)-PVA.
SVLF spectra were obtained for most strong cold bands and
several hot bands appearing in the fluorescence excitation
spectrum between —21 and +1279 cm™! of the So—S; origin
of (E)-PVA.

1. The 0° SVLF Spectrum. The S; < S, origin is the most
intense band in the fluorescence excitation spectrum (Figure 1).
The SVLF spectrum of this 0f band is shown in Figure 3. The
observed band positions, relative intensities, and assignments
are given in Table 3. Computed harmonic frequencies on the
B3LYP/6-311++G(d,p) level of theory served as a guide for
vibrational assignments in the Sy state. In line with the calculated
frequency values, the lowest frequency band at 89 cm™! was
assigned to 489, the first overtone of the C(1)—C(o) torsional

Liu et al.
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Figure 3. The single vibronic level fluorescence spectrum of (E)-PVA
with excitation of the electronic origin of the S, state.

motion. Moreover, accounting qualitatively for the observed
intensity pattern, the band at 186 cm™! was assigned to 489,
thus assuming a slightly negative anharmonicity in the torsional
coordinate.

Other prominent features observed in the 0° SVLF %pectrum
include the in-plane fundamentals, 327, 319, 28%(659), 267(19),
and 25?(12?) (see Figure 3), whose experimentally observed
frequencies are in good agreement with the calculated
unscaled harmonic frequencies (see Table 1) and the corre-
sponding values of close analogs in related molecules, such
as styrene, {SMS, and the alkylbenzenes (Table 4). ''*8 The
Wilson notation*? for benzene-like vibrations is, therefore,
also included in Figure 3.

On the basis of the set of computed frequency values, most
features in the low-wavenumber region could be assigned to
fundamental and combination transitions, gaining confirmation
from the analysis of SVLF spectra of other low-lying vibronic
transitions, which is taken up in Section B.4.

2. Excitation of In-Plane Normal Modes. Due to the obvious
presence of a false origin and their sparse vibrational structure,
the SVLF spectra with excitation into the fundamental of an
in-plane mode could be readily distinguished from those SVLF
spectra that arise from overtone or combination bands of the
out-of-plane vibrations. This behavior is illustrated in Figure 4
for the bands at 0§ + 104, 222, 334, and 539 cm™!, which were
assigned to the transitions 334, 328, 314, and 28}, respectively,
on the basis of the harmonic frequencies calculated on the
B3LYP/6-311++G(d,p) level of theory. The false origins (33,
321, 311, and 281, respectively) of these SVLF spectra dominate
in intensity, appearing at 106, 231, 373, and 624 cm™!,
respectively. The band at 0 + 539 cm™! in the fluorescence
excitation spectrum was assigned to the transition 28\, instead
of 29}, due to the occurrence of the false origin 28! in its SVLF
spectrum at 624 cm~!. This assignment was based on the
similarity in frequency and form to the Sy benzene-type vibration
6b° in styrene (621 cm™!) and /fMS (621 cm™'). Prominent
transitions in the 33' SVLF spectrum are included in Table 5;
the corresponding assignments for the other in-plane bands are
included in the Supporting Information.

Figure 5a—d shows the SVLF spectra of the bands at 0 +
810 cm™!, 815 cm™!, 931 cm—1, and 948 cm™!, respectively.
Due to obvious anharmonic mixing in the fluorescence excitation
spectrum around 800 cm™! (see Figure 1), the SVLF spectra in
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TABLE 3: Assignments of the SVLF Spectrum of (E)-PVA with Excitation of the S; Origin Band*

1

Av/em™ relative intensity assignment Av/em™! relative intensity assignment

0 100 09 795 0.3 459

89 13 489 841 0.6 309479489

105 0.6 33} 851 8.7 26!

133 3.8 479489 941 1.3 269489

175 0.2 479 960 0.4 26933!

186 1.0 489 985 0.5 269470480

202 0.3 339489, 339 997 1.1 289319

231 93 479489, 329 1011 29 259

241 1.4 339470480 1039 0.7 269484

275 0.2 339479 1048 3.3 239, 289

280 0.2 469489 1084 1.1 26932]

319 1.3 469479, 329489 1100 3.7 259489

358 0.4 479489, 329479489 1144 1.4 25947948

373 3.7 469489, 319 1168 0.9 ?

389 0.6 339469480 1194 2.6 209

417 0.3 469479489 1219 0.9 199

447 0.9 459489 1243 3.6 259329

457 0.4 469479489, 319489, 323 1283 95 189

480 1.7 309, 469 1309 5.5 199489

493 0.2 459479 1315 6.5 179

569 0.2 469483, 319330489, 307485 1349 2.7 16}

604 0.9 319329 1372 1.4 2

624 14 289 1388 1.8 419, 159

694 0.2 328 1451 1.0 199329

714 1.7 287489 1477 1.8 269289, 157489

746 0.2 318 1511 1.9 18932!

756 0.6 463489, 289479489 1521 24 ?
“ The intensity of each band is relative to the 0) band origin.

TABLE 4: Comparison of Vibrational Frequencies of Benzene-Type Modes
Veb Vi Vi2 Viga V13
molecule So Si So S So Si So Si So S

styrene¢ 624 528 776 746 999 9438 1011 959 1204 1209
trans-f3-methylstyrene? 621 537 821 795 1003 927 1035 959 1208 1210
phenylvinylacetylene® 623 539 851 815 1013 931 1048 948 1218 1214
alkylbenzene? 526 +4 748 £ 18 932 +£2 966 £ 6

@ See ref 12. » See ref 47. ¢ This work. ¢ See ref 48.
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Figure 4. SVLF spectra with excitation of bands involving in-plane
motions: (a) 339, (b) 326, (c) 31, and (d) 28p.

this region were difficult to assign. The band at 0§ + 815 cm™!

was tentatively assigned to 26(1)(1(1)) on the basis of the
comparison between the frequency of the most prominent
transition (851 cm™!) and the frequency of mode v26 (858 cm™!)

calculated at the B3ALYP/6-311++4G(d,p) level of theory. From
an analogous comparison with the calculated frequency of
mode V5 (1014 cm™!), the prominent band at 1011 cm™!
was assigned to 250264,

The band at 0J + 931 cm™! has been assigned to 250, even
though 251 at 1011 cm™! is obviously not the most prominent
transition in the SVLF spectrum. Several intense bands at 89,
231, and 851 cm™! were assigned to 250483, 250329, and 25264,
respectively, on the basis of the assignments of this and the
previous section. It should be noted, however, that except for a
few prominent bands, most transitions in these SVLF spectra
could not be assigned.

SVLF spectra from the levels 726, 788, 1214, and 1279 cm™!
above the S; origin are included in the Supporting Information,
as are tabulated assignments for all recorded SVLF spectra with
excitation into the fundamentals of in-plane modes. Character-
istic of most SVLF spectra given in Figure 5 is the broad
background, upon which sharp transitions are superimposed.
This broadening signals the onset of intramolecular vibrational
redistribution (IVR) and dominates the spectra at 0 + 1214
and 0§ + 1279 cm™".

3. SVLF Spectra of Hot Bands. Figure 6a—e shows the
SVLF spectra of the hot bands at 03 — 21 and 09 + 24, 84,
158, and 232 cm ™! in the fluorescence excitation spectrum (see
Figure 2a). Assignments of prominent bands involving the low-
frequency, out-of-plane modes are given in the figure. When
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TABLE 5: Representative Assignments of a Hot-Band, an In-Plane Mode Fundamental, and an Out-of-Plane Mode Overtone

SVLF Spectrum*

47! 33} 473
Av/ cm™! assignment Aviem™! assignment Av/cm™! assignment
—45 47448" 0 33) 0 473
0 47! 90 330489 89 473489
50 47448% 106 33} 104 330473
63 33147148} 134 33047948" 132 47348"
89 47148 186 33048 153 ?
136 47448" 338 331329 175 473
151 469474 480 334319, 31933} 201
231 474483, 32947] 713 28933)489 330473489
280 469471487 731 28133} 211 ?
374 469471489 959 26733} 231 473483
31947} 1101 259334489 241 33047348
480 469471, 309471 1119 25933} 278 463473487
580 284474487 1147 25933047948 314 47348Y
604 31932947} 1156 ? 325 463473
625 28947} 1199 25933048 390 330469475487
689 28933947487 1301 199330489 407 33047348
760 459474487 1326 19933} 461 46347348)
796 45947} 1352 19933047748 549 319473
807 269474487 1391 18933} 758 463473487
853 2647} 1421 17933} 28047348
967 259471489 800 463471, 289473
1013 25947} 941 269475489
1049 23947} 986 269473487
1174 199474487 1029 269473
1220 19947} 1101 259473489
1284 18047} 1145 25047348"
1315 17947} 1188 250473
1215 259339475489
1224 230473
1328 230469475487
1352 199473487
1396 199473
1420 172332473
1460 189473
% The complete set of assignments can be found in the Supporting Information.
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Figure 5. SVLF spectra with excitation of selected transitions (a) 810,
(b) 815, (¢) 931, and (d) 948 cm™' above the S; origin of (E)-PVA.

combined with the wavenumber positions of the hot bands in
the fluorescence excitation spectra, the SVLF spectra in Figure
6 provide unambiguous assignments for the hot bands at —21,
+24, +84, +158, and +232 cm™! as 471, 47{48], 46487, 4548,
and 44448", respectively.

The starting point for these assignments is the fact that the
SVLF spectra at 09 — 21 cm™! and 0§ + 24 cm™! are identical

L T T T T T LI
o] 200 400 600 800 1000 1200 1400

Relative wavenumber [cm'1]

1600

Figure 6. SVLF spectra arising from excitation of hot bands: (a) 471,
(b) 476481, (c) 460481, (d) 450487, and (e) 44048].

in absolute frequency, indicating that these two hot bands share
the same upper state level, X!, but arise from different lower
levels. The 0§ — 21 cm™! spectrum has its dominant emission
at the resonance frequency, suggesting its assignment as X},
leaving 0) + 24 cm™! as X§¥{. Thus, #y — ¥y = + 24 cm™,
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while 17}( - 17;( = —21 cm™!. The difference between these two
equations is just the difference in ground-state vibrational
frequencies of the two modes: Py — Py = +45 cm™!, neces-
sitating an assignment of X as mode 47 (higher wavenumber in
So) and Y as mode 48 (lower wavenumber in Sy).

The established assignments of the 08 — 21 cm™! and 08 +
24 cm~! hot bands as 47| and 47489, respectively, provides a
basis for similar arguments leading to assignments of the 0§ +
84, 158 and 232 cm™! hot bands to 464487, 4548", and 4448,
respectively. In particular, the SVLF spectra show strong 471,
461, 451, and 44} bands, respectively, thus not only confirming
the S; assignments for these hot bands, but also allowing for a
determination of the vibrational frequencies Vaa, Pas, Vae, and
P47 in the S, state. Assignments of prominent transitions in the
SVLEF spectra of Figure 6¢c—e are given in the figure. Detailed
assignments for the 471 hot band are included in Table 5; the
assignments of the other hot bands are included in the
Supporting Information.

Assuming a Boltzmann distribution over the Sy vibrational
levels and assuming, additionally, that the relative intensities
of the hot bands are only determined by their fractional
populations, a vibrational temperature of Tyj ~ 30—40 K
can be derived for the fluorescence excitation spectrum of
Figure 2a.

One of the most interesting aspects of the hot-band SVLF
spectra is the strong Duschinsky mixing among the four out-
of-plane coordinates Qus, Q46, Q47, and Qug these spectra reveal.
The prominent cross-sequence transitions 464479 and 46{489 in
the 46048} SVLF spectrum (Figure 6¢) and 450467 and 45487
in the 45489 SVLF spectrum (Figure 6d) provide clear evidence
for strong Duschinsky mixing among all four coordinates. This
four-coordinate Duschinsky mixing has turned out to be
amenable to quantitative analyis. The results of these calcula-
tions, however, are beyond the scope of this work and will be
presented in a forthcoming publication.**

4. Cold Bands Involving Out-of-Plane Modes. The vibra-
tional frequencies just established for v44—v4g in both Sy and
S provide a strong basis for assignment of several cold vibronic
bands in the excitation spectrum of Figure 1 to even overtones
and combination bands involving these modes (X(Y{, n + m =
2). Thus, the prominent bands 130, 254, and 400 cm™! above
the S; origin can be assigned to the even overtones 473, 463,
and 453, respectively. Similarly, assignments for the combination
bands 460474, 456476, 456460, and 450444 to bands 191, 266,
326, and 472 cm™! above the S; origin (Figure 1) immediately
follow.

We have not been able to make a firm assignment for the
483 transition or any combination band involving mode v4g in
the excitation spectrum. On the basis of a quantitative Duschin-
sky analysis,** we derived a frequency range 745 = 270—350
cm™!, within which the exact value of mode v.g in the S; state
most likely lies, and argue for its weak intensity in the excitation
spectrum. The precise frequency of v4g in S; does not affect
the assignment of the fluorescence excitation spectrum given
in Table 2. The most likely candidate for 483 is the weak
transition at 697 cm™!. The large increase in frequency predicted
for v4g is in keeping with the w—sr* transition, which adds partial
double-bond character to the C(¢)—C(o) bond, stiffening the
out-of-plane torsion about this bond (v4g). Since PVA retains
C, symmetry upon electronic excitation, there is no shift along
the v43 normal coordinate between Sy and S;. Therefore, it is
not surprising that the 483 transition shifts to higher frequency
in the excitation spectrum and has weak intensity.
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Figure 8. SVLF spectra with excitation of bands involving out-of-
plane motions: (a) 450476, (b) 454460, (c) 453, and (d) 44445.

The assignments for the 473, 46(')47(1), and 46(2) transitions are
confirmed by the SVLF spectra of Figure 7a—c, respectively.
Not surprisingly, these spectra show large intensity in cross
sequence bands involving other members of the n + m = 2
series. In fact, in many cases, the cross-sequence bands are more
intense than the corresponding main-sequence transitions,
consistent with the strong Duschinsky mixing already evident
in the hot-band spectra involving these modes. Table 5 lists
most of the transitions observed in the 47> SVLF spectrum given
in Figure 7a, along with their assignments. Once again, the
strong cross-sequence bands involve the same modes already
identified on the basis of the hot-band spectra.

The SVLF spectra in Figure 8a—d are from additional X"Y™
levels 266 (45'47"), 326 (45'46'), 400 (45%), and 472 cm™!
(44'45") above the S; origin. In this region, the increasing
density of S; vibrational levels makes it more likely that the
upper levels will experience anharmonic mixing with other
levels nearby in energy. In addition, excitation of v4s provides
a more complete characterization of Duschinsky mixing involv-
ing this mode. Most of the prominent bands in Figure 8 are
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sequence or cross-sequence bands involving v4s and vy,
confirming the strong mixing between these two modes in the
excited state. Notable exceptions are the strong bands at 337
cm™! in Figure 8b, the unusual number of transitions between
400 and 700 cm™! in Figure 8¢, and the transition at 480 cm™!
in Figure 8d.

The band at 337 cm™! in Figure 8b can not be assigned to
overtones or combination bands involving the out-of-plane
modes. The best candidate for this band is a combination of
modes v3; (231 em™1!) and v33 (105 cm™!); however, the intensity
of this band is roughly 10 times larger than those of the
32045046} and 3304546} transitions. Nonetheless, we tentatively
assign the 337 cm™! band to 32933945446}, on the basis of a
likely Fermi resonance between the S; levels 32'33! and 45'46!,
which would give rise to a local mixing of vibrational wave
functions, thus creating the impression of Duschinsky mixing
between vibrational coordinates of different symmetry. This
explanation requires a weak coupling of less than 1 c¢cm™!
between the two vibrational wave functions, because there is
no evidence for broadening or splitting of the 0§ + 326 cm™!
band in the excitation spectrum due to the presence of two
transitions.

The 452 SVLF spectrum of Figure 8c exhibits an intriguing
complexity. The most intense band at 636 cm™! was assigned
to 45746, in line with the signficant Duschinsky mixing between
normal coordinates Q45 and Qu¢ previously encountered in the
45147" SVLF spectrum. Other prominent features at 441, 446,
643, and 795 cm~! were assigned to 457489, 449453489,
449453469, and 453, respectively. The assignments involving
mode v44 were based on the Sy harmonic frequency 1724 =423
cm™! calculated on the B3LYP/6-311+-+G(d,p) level of theory,
which agrees well with the experimentally derived value of 643
cm™! — 74 = 643 cm™! — 238 cm™! = 405 ¢cm . The reason
for the appearance of these bands, however, is best understood
as arising from a near-degenerate Darling—Dennison resonance
between two weakly coupled vibrational levels, 45% and
44146' 4 The possibility of strong Duschinsky mixing between
Q4 and Qg5 is a less probable explanation, since the 45'47!
and the 45'46! SVLF spectra do not provide evidence for such
mixing.

Finally, the SVLF spectrum of Figure 8d has its most
prominent band at 480 cm™!. Taking into account that the 480
cm~! band in the 0° SVLF spectrum was previously assigned
to 309, it might seem obvious that the SVLF spectrum of Figure
8(d) originates from the 30! level. This SVLF spectrum,
however, is not as simple as those given in Figure 4 involving
the excitation of in-plane vibrations because there is also clear
evidence for numerous, unusually prominent transitions termi-
nating in combination levels of out-of-plane vibrations. Two
possibilities exist: First, this spectrum is originating from a
mixed upper state involving two near-degenerate levels, 30! and
44145! In this case, we would label the 480 cm™! transition as
30044445}, Alternatively, as we shall see in the next section,
the 09 + 472 cm™! band is overlapped with a vibronic transition
due to (Z2)-PVA, which could give rise to the transition at 480
cm™ !, Full assignments for the six SVLF spectra in Figure 7b,c
and Figure 8a—d can be found in the Supporting Information.

C. Assignment of Transitions Due to (Z)-PVA. The one-
color R2PI spectrum of PVA in the region of the S; — Sy
electronic transition is given in the upper trace of Figure 9. The
R2PI spectrum spans ~1800 cm~! and shows increasing
congestion and broadening at higher energies. The intensity
patterns are quite different from the fluorescence excitation
spectrum (Figure 1) due to saturation of many transitions under
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Figure 9. One-color R2PI spectrum (upper trace) and UV—UYV hole-
burning spectrum (lower trace) with the hole-burn laser fixed at the
origin band of (E)-PVA. The inset shows an expanded view of the
region around 260 cm™! where a transition in the R2PI spectrum does
not burn with (E)-PVA.
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Figure 10. Overlaid LIF spectra of (E)-PVA (lower trace) and (Z)-
PVA (upper trace). Vertical dashed lines are used to indicate signatures
of the Z-isomer that appear (as an impurity) in the E-isomer spectrum.
Asterisks indicate transitions dues to the E-isomer (as an impurity) in
the Z-isomer spectrum.

the laser power conditions used for the R2PI spectrum. UVHB
spectroscopy was employed to determine whether conforma-
tional or structural isomers contribute to the R2PI spectrum.
The lower trace of Figure 9 shows the UVHB spectrum recorded
with the hole-burn laser fixed at the (E)-PVA 03 band. Even
though most observed transitions obviously arise from the Sy
zero-point level of (E)-PVA, a closer inspection reveals that
the band at 0 + 260 cm™! (inset) and a smaller band at 0) +
351 cm™! are not duplicated in the UVHB spectrum. The more
intense band at 03 + 260 cm™! is found in both the R2PI
spectrum and the fluorescence excitation spectrum (Figure 1)
and turned out to be independent of a wide range of expansion
conditions and nozzle positions relative to the excitation laser
beam. It was, therefore, concluded that the 260 cm™! band is
most likely not due to helium complexes or hot bands.

To test the possibility that these transitions are due to (Z)-
PVA, this isomer was synthesized, and its LIF excitation
spectrum was recorded. Figure 10 compares the LIF spectra of
the synthesized samples of (E)-PVA (lower trace) and (Z)-PVA
(upper trace). The So—S; origin of (Z)-PVA is 260 cm™! above
that of (E)-PVA, proving that the unassigned transitions in the
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Figure 11. Ground state normal coordinates for modes 45, 46, 47, and 48 calculated on the B3LYP/6-311++G(d,p) level of theory. Mode 48 in
the ground state is the phenyl—vinyl torsional mode whose energy levels are used to fit the torsional potential.
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Figure 12. Pictorial representation of the peak intensities of the main-
sequence (diagonal circles) and cross-sequence (off-diagonal circles)
transitions observed in the 48!, 47!, 46!, and 45' SVLF spectra. The
circle areas represent the peak intensities of the corresponding transi-
tions. The peak intensities of all main-sequence transitions (diagonal
circles) were normalized to unity.

(E)-PVA spectrum are due to a minor (Z)-PVA impurity in the
sample. The corresponding transitions due to (E)-PVA are
observable as minor impurities in the (Z)-PVA spectrum. The
spectroscopy of (Z)-PVA will be taken up elsewhere.?

IV. Analysis and Discussion

The results just presented have led to a near complete vibronic
assignment of the excitation spectrum and a series of SVLF
spectra of (E)-PVA. Much of this structure has involved five
low-frequency out-of-plane modes, vis—vas, four of which
undergo extensive Duschinsky mixing upon electronic excita-
tion. Figure 11 presents the form of these normal modes in the
ground electronic state, as predicted by DFT B3LYP/6-
3114++G(d,p) calculations. In lieu of a full quantitative analysis,
we use the intensities of the strong cross sequence bands in the
hot-band spectra to read off which modes are strongly mixed
upon electronic excitation, as depicted in Figure 12. It is obvious
from this matrix that Duschinsky mixing between these four
modes is extensive so that the form of the normal modes in the
excited state is a strong admixture of those in the ground state
(Figure 11).

Table 1 highlights the large changes in the frequencies of
these modes upon electronic excitation, with modes 44—47
lowering their frequency, sometimes by more than a factor of

2. In contrast, mode 48 has its frequency raised significantly,
by an amount that is only surmised on the basis of the
quantitative Duschinsky analysis described elsewhere.** As
Figure 11 shows, in the ground state, v4g is the phenyl—vinyl
torsion that has a close analog in styrene. The increased double
bond character in C(1)—C(a) is responsible for the increased
frequency of this mode and reflects in a general way the
increased barrier to internal rotation about this bond in S, relative
to So. Since v4g has not been identified with certainty in the S,
state, we cannot use its progression to deduce the barrier height
in the S state. However, the SVLF spectra do enable a hindered
rotor analysis in the ground state. It is to this that we now turn.

A. Torsional Potentials of PVA. As in the case of the 0°
SVLF spectrum of styrene, the 0° SVLF spectrum of (E)-PVA
contains only two overtone transitions of the C(1)—C(a)
torsional coordinate (488 at 09 — 89 cm™! and 489 at 0§ — 186
cm™1). This allows for the determination of only two torsional
frequency spacings in the Sy state, #(48,-) and #(484<-). In
the case of styrene, however, the 0° SVLF spectrum in
combination with the 41442§ SVLF spectrum'25! allowed for
the determination of Sy torsional frequency spacings for vy =
0—5 and gas-phase Raman spectra!?>? for the determination of
additional levels up to v4, = 17. In an analogous way, by using
assigned transition frequencies from either the 47(1’48('), 46(')48?,
or 45048 { SVLF spectrum, four Sy torsional frequency spacings
P48+ 1yn) With n = 0, 1, 2, 3 can be derived for (E)-PVA.
This derivation requires the assumption that one of the modes
45—47 is harmonic up to v"" = 2. Since this assumption seems
better justified for a high-frequency vibration, we assume
harmonicity in mode 45 using the 454489 SVLF spectrum. This
leads to 1—0, 2—1, 3—2, and 4—3 Sy torsional frequency
spacings of 42, 47, 48, and 49 cm™!, respectively, exhibiting
the same negative anharmonicity found for the analogous
torsional mode in styrene (38.1, 48.3, 53.7, 56.5, and 59.0 cm™!
v' =1-0,2—1, 3—2, 4—3, and 5—4 intervals'2).

The Sy torsional potential of (E)-PVA was simulated follow-
ing a previously described fitting procedure’? using the method
of Laane and co-workers.>* The eigenvalues, Ey, of an internal
rotation Hamiltonian,
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were matched in an automated fitting procedure to the experi-
mentally derived frequency spacings. For this purpose, an
unweighted least-squares sum fit function,

FAv:

[AVE — AvP @)

1

M-

=1

was minimized using a simplex search algorithm> with the goal
of finding a set of optimized potential parameters V,, for the
truncated Fourier expansion,

4
Vig)=33 VIl = cos(up) )
n=1

approximating the periodic torsional potential function of eq 1.
Due to the planar symmetry of (E)-PVA, the expected 2-fold
torsional barrier and, moreover, the limited number of experi-
mental frequency spacings, only V, and V4 were taken into
account, where, for [V4l < |V,l/4, V; corresponds to the torsional
barrier, and Vj represents the anharmonicity of the torsional
potential. In eq 2, Av4° and Av#*P denote the calculated and
experimental frequency spacings, respectively. The internal
rotation constant B was assumed to be independent of the
torsional angle ¢ (see Figure 1) and was calculated according
to

__h
8.7'[26‘[r

“)

using the reduced moment of inertia /; as defined by Pitzer.%
An attempt to calculate the effective moment of inertia according
to the more accurate procedure for asymmetric internal rotors
introduced by Wong, Thom, and Field>’ turned out to be
computationally infeasible for a molecule of the size of PVA,
and we did not pursue it further. A value of B = 1.5351 cm™!
was obtained from the Sy equilibrium geometry calculated on
the B3LYP/6-3114++G(d,p) level of theory. The best-fit Sy
torsional potential with potential parameter values of V, = 688
cm~! and V4 = —114 cm™! is displayed in Figure 13. Table 6
gives the comparison between the experimentally observed and
simulated spacings and, as a reference, the experimentally
observed spacings of the torsional term values in styrene. In an
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Figure 13. Simulated torsional potential curve of (E)-PVA in the S
state.
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TABLE 6: Torsional Progression in Phenylvinylacetylene
and Styrene

phenylvinylacetylene? styrene”
Vag exptl/cm™! calcd/cm™! Var exptl/cm™!
1 42¢ 43 1 38.1
2 894 89 2 86.4
3 137¢ 137 3 140.1
4 1867 186 4 196.6
5 255.6

@This work. Calculated values from eq 1. ®See ref 12. ¢ The
values for n = 1 and 3 are derived according to the procedure
found in the text (Section IV A). ¢ The values for n = 2 and 4 are
the frequencies found in the LIF spectrum.

TABLE 7: Comparison between the Potential Parameters
Obtained from Fits to the ab Initio Calculated Potentials
and the Potential Parameters Obtained from the Simulation
According to Eq 3 for the Sy State of PVA

method Volem™  Viem™  Eg/cm™!
HF/6-311++G(d,p) 1095 —297 1097
B3LYP/6-311++G(d,p) 1674 —320 1674
B3PW91/6-311++G(d,p) 1647 —329 1647
MPW1PWO91/6-311++G(d,p) 1631 —331 1631
SVWN/6-311++G(d,p) 2150 —391 2150
BLYP/6-311++G(d,p) 1801 —329 1801
MP2/6-31+G(d,p) 846 —496 1009
PVA: simulation 688 —114 688
STY: simulation” 1070 =275 1070
STY: B3LYP/6-311++G(d,p) 1365 —274 1365

a ref. 23

attempt to provide supporting evidence for the significance and
accuracy of the simulated torsional potential, we also carried
out ab initio and DFT calculations of the torsional potential
energy curve at different levels of theory. A comparison between
the potential parameters obtained from fits to these potential
energy scans and the potential parameters obtained from the
simulation is given in Table 7. All methods (except for the HF
and MP2 calculations) yield the same overall shape of the
potential energy curve as the simulation; that is, they all predict
a planar equilibrium geometry and an anharmonically broadened
potential well. They differ drastically, however, with respect to
the barrier height and the degree of anharmonicity. The potential
energy scans yield torsional barriers that are higher in energy
than the experimentally derived barrier by a factor 1.6—3.2 and
stronger anharmonicities by a factor of 2.8—3.7. As previously
observed in the case of 2-phenylindene,> the MP2 calculation
yields the closest agreement with respect to the barrier height
but fails to account for a planar Sy equilibrium geometry.
Moreover, torsional transition state geometries and vibrational
frequencies were calculated for the Sy state. Transition states
were located using the synchronous transit-guided quasi-Newton
method®% using B3LYP 6-311++G(d,p) for the ground state
(using the QST3 keyword). The calculated transition state of
the torsion matches that of the torsional potential energy surface,
confirming that it is, indeed, a first-order transition state. The
calculated transition state was found to be 1685 cm™! above
the ground-state zero-point level, in good agreement with the
torsional potential energy surface.

A firm resolution of this apparent discrepancy between
experiment and theory could take several paths. First, barrier
height calculation at higher levels of theory may reduce the
barrier still further until it comes in close agreement with
experiment. Alternatively, an expanded data set containing
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higher-energy torsional levels that reach closer to the barrier
height could provide a more well-characterized torsional
potential. Finally, direct experimental measurement of a slightly
asymmetrized isotopomer (which by that virtue would have two
conformational isomers) could be undertaken, using stimulated
emission pumping-population transfer spectroscopy.60-63

B. Structural Isomerization in PVA. The present study has
characterized in some detail the vibronic spectroscopy of a key
CioHg structural isomer, (E)-PVA. We have also identified the
vibronic spectrum of (Z2)-PVA as an impurity in the spectrum
of the E-isomer and subsequently verified this fact by recording
the fluorescence excitation spectrum of a synthesized sample
of the (2)-PVA isomer.

This spectroscopic study provides a necessary foundation for
planned studies of the photoisomerization between these two
isomers: E <> Z. This isomerization is closely analogous to the
cis—trans isomerization in stilbene (C¢Hs—CH=CH—Cg¢H5), a
process that has been studied in some detail.*"! In the ground
state, cis—trans isomerization in stilbene occurs over a very large
barrier; however, this barrier drops to ~1200 cm™! in the S;
state of the trans isomer,%-%%72 leading to a surface crossing
that returns the molecule with about equal probability to the
trans and cis ground-state wells. It is therefore possible in trans-
stilbene to pump vibronic levels starting from the S; origin and
extending above the barrier, thereby enabling a determination
of the energy-dependent isomerization rate kisom(E) in Sy simply
by measuring the S; state lifetime as a function of excitation
energy.’?

In many ways, the R2PI spectrum in (E)-PVA is reminiscent
of that in trans-stilbene, with Franck—Condon activity extending
about 1300 cm™! above the S; origin. The absence of significant
vibronic activity above 1300 cm™! could be the result of small
Franck—Condon factors in this region; however, it is more likely
that the intensity reduction reflects a decrease in the fluorescence
quantum yield as the excited-state lifetime shortens via the onset
of a nonradiative process. Furthermore, as in frans-stilbene, this
spectral reduction occurs right in the region where broadened
emission indicates the onset of IVR. This was evident in the
spectra in Figure 5 as the broad origin-like emission, which
begins to appear about 900 cm™! above the S; origin and
dominates the spectrum in bands above 1200 cm™! (see SVLF
spectra in the Supporting Information).

It seems likely that (E)-PVA will utilize a pathway for
structural isomerization that is similar to that in frans-stilbene.
Furthermore, since the ultraviolet spectrum of (Z)-PVA is also
sharp and in the same wavelength region, PVA presents itself
as an ideal case for studying £ — Z and Z — E photoisomer-
ization and to search for mode-specific effects.

Finally, from a structural viewpoint, the Z-isomer may play
an important role as a key intermediate along the pathway to
closure of the second ring to produce naphthalene. As such, it
is an ideal isomeric starting point for UV-induced population
transfer (UV-PT) studies detecting naphthalene downstream.
Zimmerman and co-workers have demonstrated the formation
of naphthalene from PVA in flash vacuum pyrolysis’>’* and
explored the cycloisomerization mechanisms in detail.”>7¢ All
of this suggests that a UV-population transfer experiment
involving (E)-PVA, (Z)-PVA, and naphthalene should be
possible.

V. Conclusions

The vibronic structure of the Sp—S; transition in jet-cooled
PVA was investigated in detail by using fluorescence excitation,
UVHB, R2PI, and SVLF spectroscopy. Hot-band SVLF spectra
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proved particularly helpful in the assignment of transitions
involving the low-frequency, out-of-plane normal vibrations Vs,
Vae, Va7, and vag. These spectra provided clear evidence for strong
Duschinsky mixing among these four normal coordinates in the
S; state relative to their Sp counterparts. The one-dimensional
torsional potential in the Sy state of PVA was simulated using
four torsional frequency spacings determined from hot-band
SVLEF spectra. This potential resembles the Sy torsional potential
of styrene with respect to the barrier height and the degree of
anharmonicity, indicating that the extended conjugation in PVA
has little effect on the Sy torsional motion.

We have also recorded the LIF excitation spectrum of (Z)-
PVA in preparation for its more detailed spectroscopic and
photochemical study. Its S; < Sy 0f transition was assigned to
the band 260 cm™! blue-shifted from the E-isomer electronic
origin. This finding is particularly interesting from the point of
view of the mechanisms for formation of PAHs. In previous
flash vacuum pyrolysis studies,’”>’* PVA was found to cycloi-
somerize thermally into naphthalene. The cycloisomerization
of PVA is, thus, of possible relevance to PAH growth processes
in sooting flames, discharges, interstellar media, and Titan’s
atmosphere. The ring closure mechanism, which has been
studied in detail for high temperatures,”>’® requires at low
temperatures as a first step the isomerization of (E)-PVA into
(Z)-PVA. In the future, double-resonance experiments could be
carried out to determine the energy differences between the two
isomers and the barriers to conformational isomerization.
Analogous experiments have already been carried out on
m-ES,%7 another CjoHg isomer of naphthalene.
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Note Added in Proof. We would like to point out that the
assignment of the Sy vibrational level at 186 cm™! to 48, was
based on frequency spacing evidence (Table 6) only. This
assignment allowed for the best agreement between the observed
and experimentally derived frequency spacings on one hand
(column 2 of Table 6) and the simulated spacings on the other
hand (column 3 of Table 6). There is, however, an alternative
possibility for the assignment of 484 based on intensity evidence
only. This alternative is the band at 201 cm™!. This assignment
allows for a better agreement between the experimentally
observed intensities of this band in different SVLF spectra and
those calculated in our Duschinsky fitting procedure. We will
address this ambiguity in greater detail in a forthcoming
publication.**
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